The mammalian foetus in utero is dependent on the placenta and on its mother for the supply of 02 and for removal of CO2. It excretes urine
through the urachus into the allantoic sac, or through the urethra into the amniotic sac. But as a means of maintaining normal acid-base balance these paths of excretion are of limited value in feetal life. It seems unlikely that much amniotic or allantoic fluid is transferred directly across the foetal membranes. Most of these waste products (whose presence incidentally protects the foetus from mechanical injury) are reabsorbed by the foetus and ultimately passed into the maternal circulation across the placenta. So at first sight it seems that the foetal blood gas concentrations are directly dependent on those of the mother. In fact the situation is more complicated. In the first place the placental tissues intervene between the maternal and foetal circulations, and in the second the foetus is not a simple passenger in its mother's womb, but within certain limits can take care of itself. It is this latter phenomenon that I propose to develop more extensively, but I shall first consider the placenta.
The Placenta
The placenta is an actively metabolizing organ which has a considerable consumption of oxygen on its own account (Campbell et al. 1966) . It also must produce CO2 which is transferred to the maternal circulation. The relatively large placental 02 consumption, within or in series with the area of gaseous exchange, in conjunction with the shape of the maternal Hb-O2 dissociation curve, is an important factor in determining the relatively low Po2 of feetal blood. Thus even when foetal 02 uptake from the placenta is reduced to zero (by ventilating a foetal lamb in utero so that there is no umbilical arteriovenous 02 difference, or by replacing it with a blood reservoir and pump) the Po2 in the umbilical vessels is less than that in maternal arterial blood by about 40 mmHg. This gradient is wholly due to the 02 consumption of the placenta. The tissues of the placenta which intervene between the maternal and foetal circulations have another characteristic; they are relatively permeable to CO2 and possibly to lactate, but much less so to Na+, K+, Ca++, C1and HCO2-(Goodlin & Kaiser 1957 , Blechner et al. 1960 , Widdas 1961 . In a wide variety of experimental conditions in sheep, goats and monkeys, the arterial Pco, difference between mother and feetus is approximately constant at some 6-10 mmHg. Administration of ammonium chloride to the mother causes a fall in maternal pH, hyperventilation, and hence a decrease in maternal and fcetal Pco,, and yet (since foetal plasma bicarbonate does not alter quickly) there is a rise in feetal arterial pH. Thus maternal and foetal arterial pH are not directly coupled as are the Pco, values.
The Fatus
The foetus can play an active part in regulating its internal environment. Over a wide range of maternal Po2 values, feetal arterial Po2 varies within small limits (e.g. Comline et al. 1965) . This is in part due to the shape of the foetal Hb-02 dissociation curve, since at 02 saturations of 60% or less (as in foetal arterial blood) quite large falls of 02 content occur with a comparatively small fall in Po2. This phenomenon is accentuated during partial asphyxia, when the fall in pH due to accumulation of acid metabolites in the blood causes a shift to the right of the dissociation curve (the Bohr effect). But there are other factors at play as well.
(1) The effect of foetal 02 consumption on feetal Po2: In adult mammals the lungs and body tissues are supplied with blood in series with one another, and consequently within wide limits arterial Po2 is independent of 02 consumption. But in the mammalian foetus the placenta and body tissues are supplied with blood in parallel.
Thus the 02 content and Po2 of the arterial blood are dependent not only on those of the umbilical vein but also on the rate of 02 consumption. Other things being equal (i.e. volumes and distribution of blood flows), if 02 consumption is decreased, arterial Po2 must rise, and vice versa.
If 02 consumption is decreased, the mean 0, content of venous blood returning from the foetal body is greater; this venous blood mixes in the heart and great vessels with well-oxygenated blood from the placenta, and the mean.0 content of the mixture is raised. Consequently, if during hypoxaemia the foetus reduces the 02 consumption of its immediately less vital organs (e.g. the skeletal muscles and gastrointestinal tract) it will tend to maintain the Po2 of the arterial blood supply to the more vital tissues. And indeed the 02 consumption of a foetal lamb falls during hypoxwmia (when arterial saturation < 50 Y.) induced by giving a pregnant ewe 8-10%°2 mixtures to breathe or by reducing umbilical flow below 100 ml/kg/min (Acheson et al. 1957 , Dawes & Mott 1959b , 1964 .
(2) The effect of changing venous return to the two sides of the heart upon cardiac output, and hence upon the partition of relatively well-oxygenated blood between the upper circulation (including the heart and brain) and the lower (to the placenta and other tissues of the body): In immature foetal lambs (at 0-6 of term) a diminution of umbilical blood flow leads to a relatively greater fall in femoral than in carotid 02 saturation (Dawes & Mott 1964) . The magnitude of this effect becomes less near term, at a time when reflex control and redistribution of cardiac output are better developed. This fact suggests that the mechanism involved may be comparatively simple, perhaps a result of small changes in the venous filling pressure of the atria. These depend not only on the lateral pressures developed at the entry of the great veins to the heart, but also on the momentum of the flowing blood. The left heart is favoured by the fact that most of its venous return (in the foetus) comes from the inferior vena cava through the foramen ovale, whereas in the right atrium two blood streams (from inferior and superior vena cava) flowing in opposite directions meet. So when umbilical flow is reduced one would expect that left heart output would be maintained preferentially to that of the right heart.
(3) The active reflex circulatory responses, developed during the last half of gestation in the sheep: Before the mechanisms responsible are examined in detail, it should be recognized that these are superimposed upon local regulatory mechanisms in the individual vascular beds, which, so far as they have been studied, appear identical with those which normally operate in the adult. Thus in the hindlimbs and lungs of immature foetal lambs ischoemia is followed by reactive hyperemia. Injections of cyanide into the hindlimbs cause vasodilatation (as does acetylcholine, isoprenaline, histamine and bradykinin), while very small doses of noradrenaline cause vasoconstriction. Indeed the vasoconstrictor response is remarkably prolonged, as if the tissues were only partly innervated.
This leads to a further point. Evidence is accumulating (e.g. Friedman et al. 1967 ) that the catecholamine content of the heart, and perhaps of the peripheral vessels also, is incompletely developed at birth, even in the lamb which is then comparatively mature in the sense that it can stand, seek, find and accompany its mother. This is hardly surprising, for it has long been known that the mixed nerves of the peripheral musculature of several species are poorly developed at birth, for instance as measured by conduction velocities in the kitten. Yet, although the foetal autonomic nervous system at term may be incomplete compared with that of the adult, it exerts a remarkable degree of control. Chemoreceptor regulation in the fwtus:. From about 70 days gestation onwards (term is -147 investigations) on the effect of hypoxa?mia or asphyxia on the heart rate, blood pressure and regional blood flows ofmature fletal lambs near term days) mild or moderate hypoxmmia causes a rise of heart rate and arterial pressure (Born et al. 1956 ). Fig I summarizes the effects of partial hypoxxmia or asphyxia upon the circulation in the fotal lamb near term. Arterial pressure rises, as also does heart rate until the arterial Po2 falls below 10 mmHg. Umbilical blood flow increases passively, commensurate with the rise in pressure (Dawes 1962) . Coronary flow (measured in the left circumflex branch) and cerebral (superior sagittal sinus) flow increase, probably more due to local vasodilatation than to the rise of arterial pressure (Campbell, Dawes, Fishman & Hyman 1967) . Pulmonary blood flow is decreased, mainly by a local effect (comparable to the hypoxic vasoconstriction seen in adult isolated perfused lungs) but partly due to a reflex (Campbell, Cockburn, Dawes & Milligan 1967) . Hindlimb and renal blood flow are reduced (Campbell, Dawes, Fishman & Hyman 1967) . A more detailed investigation of the mechanisms involved was undertaken in the hindlimb, and it was found that this was already under reflex control by 0-6 of term, long before the lungs could be expanded or the lamb was viable. The magnitude of the hindlimb vasoconstriction increased with age, while the interval between the onset of asphyxia (e.g. by cord occlusion) and the beginning of vasoconstriction decreased from 75 sec at 0-6 of term to about 10 sec near term (Dawes et al. 1968 ). These observations demonstrate that in asphyxia the foetus maintains or increases the blood supply to the organ of gaseous exchange (the placenta), and the heart and brain, at the expense of less immediately vital organs (including the lungs). The next step was to determine the sensory mechanism(s) which were responsible. A possible candidate seemed to be the aortic chemoreceptors, whose afferent fibres run in the aortic nerves to join the vagi. First, it was already known that section of the cervical vagosympathetic trunks in the feetal lamb near term caused a fall of arterial pressure, an observation analogous to that in adult cats after a hemorrhage, which condition was known to excite continuous aortic chemoreceptor activity (Landgren & Neil 1951) . Secondly, whereas the carotid chemoreceptors alter both the circulation and breathing, the predominant effect of the aortic chemoreceptors is upon the circulation (Comroe 1939 , Daly & Ungar 1966 . Hypoxaemia must be very severe (Po2 < 10 mmHg) to cause respiratory movements in the foetus. It had been suggested from anatomical studies in the human and cat foetus that the blood supply of the aortic chemoreceptors was derived from the right side of the heart via the pulmonary trunk (Boyd 1961 , Coleridge et al. 1967 . However, injections of cyanide into the superior vena cava or right heart of foetal lambs had no effect on the circulation, whereas injection into the left atrium caused a rise of arterial pressure and vasoconstriction in the hindlimb, accompanied by a complex change in heart rate (Dawes et al. 1968 ). These effects were much reduced or abolished by cutting the cervical vagosympathetic trunks.
During the past six months these investigations have been taken a step further (Dawes, Duncan, Lewis, Merlet, Owen-Thomas & Reeves, unpublished) . In lambs from 0 75 of term upwards the effects of hypoxemia in causing tachycardia, a rise in arterial pressure and femoral (hindlimb) vasoconstriction were not reduced by denervation of the carotid body/sinus nerves, but were abolished by section of the cervical vagosympathetic trunks or the aortic nerves. Indeed after cutting the vagi hypoxxmia caused vasodilatation in the hindlimb and a fall in arterial pressure. Hence reflex control is essential to maintain a favourable distribution of cardiac output in hypoxaemia. The evidence that the sensory mechanism is in the aortic bodies is indirect but strong. It depends on the fact that the rise in blood pressure, heart rate and hindlimb vascular resistance on feetal hypoxaemia is abolished by section of the small afferent nerves known to arise from these bodies.
There are other observations which merit further attention. First, the range of Po, values over which the foetal aortic bodies operate is unexpectedly high. It is possible to raise the foetal arterial Po2 up to -40 mmHg by ventilating the ewe with 100% 02. When the ewe is now given air to breathe, and the feetal Po, falls to -30 mmHg, there is vasoconstriction in the hindlimb and a rise in arterial pressure. At these or lower Po2 values in lambs at 0-9 of term, section of the vagi or aortic nerves causes a fall in arterial pressure and femoral vasodilatation, consistent with the interruption of tonic activity from the aortic chemoreceptors. So it would appear that the 'settings' of the aortic bodies in the feetus (i.e. the range of values over which they operate) are closely similar to that in the adult. Secondly, the 'settings' of the carotid bodies in the fretal lamb are evidently very different from those in adults (e.g. adult dogs), because they do not appear to make any significant contribution to the response to hypoxaemia. They are certainly working normally shortly after birth, when they are mainly responsible for the hyperpnoea in response to hypoxia or cyanide in the rabbit (Dawes & Mott 1959a ) and sheep (Purves 1966 ). Purves & Biscoe (1966) concluded that there was an abrupt change in the sensitivity of the carotid bodies soon after birth.
Conclusion
The evidence presented suggests that though the faetal lamb may have a limited capacity for regulation of its circulation in the earlier part of gestation (when, incidentally, it has a relatively large placenta), a remarkable change occurs during the last 0 4 of term, with the development of aortic chemoreceptor reflex activity. This is associated with control of the heart and peripheral circulation, a form of control well adapted to the foetus in which respiration is wholly dependent on the maintenance of an adequate umbilical circulation. The fact that the foetal aortic chemoreceptors appear to react to changes in Po2 at such high values (30-40 mmHg) suggests that they are the first line of defence in foetal blood gas homeostasis. If the same mechanisms obtain in the human infant before birth, then it would seem that the initial changes of heart rate, particularly the tachycardia, observed in hypoxemia during delivery are due to aortic chemoreceptor stimulation.
Finally we should consider whether this mechanism, which is so well adapted for feetal life, may not be phylogenetically as well as ontogenetically of earlier origin than that of the carotid bodies. The third and fourth branchial arches are associated with the carotid and aortic bodies respectively, which would suggest a common ancestry for both types of receptor. It was suggested by Schmidt (Comroe 1965 ) that the relatively strong effects of anoxia (as compared with hypercapnia) on these bodies might represent persistence in the air-breathing adult mammal of a reflex essential to the gill system in the fish. This is still quite compatible with what is now known of their functions, but it would appear that the aortic bodies may be brought into action during late foetal life, before the carotid bodies. This is a new distinction, for the aortic bodies have hitherto been treated among chemoreceptors as poor relations, inaccessible and ineffective.
DISCUSSION
Dr R W Beard (Institute of Obstetrics & Gynwcology, London) asked Dr Dawes what was the source of his evidence that fixed acids did not cross the placenta. Dr Dawes said that the word 'cross' had been chosen advisedly. It was known from the work of Barker & Britton (1958, J. Physiol., Lond. 143, 50P) in Professor Huggett's department that when the blood lactate concentration was raised considerably in the sheep an umbilical arteriovenous difference could be observed. It was small and there was no direct evidence, so far as he knew, that the lactate crossed the placenta. It might disappear into the placenta but that did not necessarily mean that it crossed. He was aware of the fact that in certain circumstances in human labour there was a correlation between maternal and foetal concentrations of lactate. He did not yet know of any direct evidence that the lactate crossed the placenta.
Dr Beard said the only point he wished to make about what Dr Dawes had said earlier was simply that ammonium chloride was perhaps not the best substance to use when considering the possibility of the placental transfer of lactate. Secondly, there might be a species difference. In the rabbit and the sheep it did not appear that fixed acids crossed. However, as Dr Dawes had pointed out, there was strong indirect evidence that hydrogen ions crossed the placenta.
Professor W H Tooley (University of California, San Francisco Medical Center) said that Brady & Cerruti (1966, J. Physiol., Lond. 184, 631) had made observations on newly born babies which might bear on Dr Dawes' concluding remarks on the importance of the aortic chemoreceptors. They reported that when newly born infants were exposed to a moderately hypoxic environment for several minutes, they increased their ventilation for thirty seconds and then began to hypoventilate. This was interpreted as evidence that the carotid chemoreceptors were active. However, although exposure to an hypoxic environment was associated with a progressive decrease in ventilation after the first minute, there was a sustained tachycardia throughout. This could be interpreted as evidence that the aortic chemoreceptors were active, perhaps more active than the carotid chemoreceptors, as Dr Dawes had suggested was the case in the lamb. He had recently had the opportunity to observe the response of very immature newly born babies to hypoxia. In one infant born after twenty-three weeks gestation, weighing 350 grams, a change in arterial oxygen tension from 80 to 50 mmHg was associated with a transient increase in respiratory rate but a sustained tachycardia.
Mr D J MacRae (London) asked Dr Dawes how his experiments on animals might apply to humans and how far the work with oxygen could be interpolated. As far as he could gather, in the experiments of Dr Dawes, the foetus and placenta were attached to the uterus and then changes in maternal oxygen pressures were induced.
From the practical point of view this was quite different from, for instance, giving the mother oxygen during labour when there was an active uterus and an active placenta taking up more than it did in Dr Dawes' experiments. It might well be, as he had found, that foetal oxygen saturation did not usually rise when the mother was given 100% oxygen.
Another point was, how much in these experiments did ammonium chloride alter the cell activity of the placenta. One could not judge from this if acid metabolites went through a normal cell, because it was not a normal cell if it had been exposed to ammonium chloride. Dr Dawes, replying first to the second point, said that he had not personally given any infusions of ammonium chloride. The experiments he had quoted had been carried out by Meschia et al. (1957) and . They had been exploring the possibility of placental transfer of chloride ions, and it had been shown by Dancis and his group in experimental animals, but not in man, that small infusions of ammonium chloride were not associated with a rapid transfer of chloride. This was what they had been primarily concerned with.
So far as the effect of giving oxygen was concerned, he thought there was universal agreement amongst those who used sheep that the oxygen tension of the feetal blood could be raised under a wide variety of conditions, including an active uterus and partial placental separation, as judged by measurement of umbilical samples on giving the mother high oxygen mixtures. Caldeyro-Barcia (1966) had reported that under circumstances where he was getting foetal bradycardia during human labour attributed to asphyxia, if he then gave the mother oxygen instead of air to breathe, the dips in heart rate were reduced in magnitude and were very often eliminated. He had since done measurements on scalp blood samples which tended to support his view that there was some beneficial effect from oxygen.
Even if results showed that the oxygen content of scalp blood samples was unchanged, Dr Dawes felt it would still be worth while giving oxygen to the mother. The reason for this was that measurements of oxygen tension were not necessarily the best measure of what was going on in the foetus. If the oxygen consumption of the foetus was already reduced as a result of labour and partial asphyxia, then to put the foetus into a position where it could obtain more oxygen through the umbilical venous blood would not necessarily increase the Po2 of umbilical arterial blood, because ofthe course of the foetal circulation.
From the practical point of view administration of 0 might be worth while if given in the five or ten minutes before a Caesarean section for foetal distress.
The human foetus, normally protected from the maternal external environment, is now threatened by the bold probings of his more mature relative, adult man. Even so, our knowledge concerning the dynamics of development and our understanding of physiological mechanisms is yet at an embryonic stage.
In the subsequent discussion consideration will be given to the major metabolic fuels, glucose and fatty acids, in the light of newer information on hormonal control mechanisms. In particular, the role of foetal insulin will be emphasized. In view of species differences in metabolism, consideration will be given only to data on man.
Glucose is considered the major source for foetal energy in most mammalian species. In man, this concept is dependent upon the identification of glucose in the circulating plasma, on finding glycogen in a variety of tissues, and on indirect measurement of the respiratory quotient. At term, a concentration gradient across the placenta from maternal artery to umbilical vein ofabout 10-20 % has been repeatedly observed. The feetal gradient from umbilical vein to umbilical artery is more difficult to assess because of circulatory changes in the foetus as discussed by Dawes (1968) previously. Shelley & Neligan (1966) have suggested that this small A-V placental gradient is not representative of the in utero pre-term foetus and have indicated that the foetal glucose concentration may be approximately half that in the maternal circulation. Examination of foetal plasma at abdominal hysterotomy does not confirm this hypothesis in that no large maternalfeetal glucose gradient is found at 15 weeks gestation ( Fig IA) . Although no definitive studies of glucose transfer with labelled substrate have been performed in man, the hypothesis of Widdas (1961) of a facilitated transfer of glucose is tenable. The extent to which glucose meets the total energy requirements of the growing human foetus remains unknown. That it may be adequate at least may be surmised from the concentration of circulating glucose and the presence of glycogen in a variety of tissues. Villee (1954) has found measurable glycogen in several tissues, including liver, kidney, lung, brain and diaphragm by 9-10 weeks gestation. Shelley & Neligan have 'Aided in part by grants from the National Institute of Arthritis and Metabolic Diseases, National Institute of Child Health and Human Development, The Association for the Aid to Crippled Children and the Cleveland Diabetes Fund
